The effect of boron (B) on the recrystallization behavior, in particular the growth of the recrystallized grain into the unrecrystallized grain, of titanium (Ti) added interstitial atom free (IF) steel sheets was studied from the viewpoint of the solute-drag effect considering the interaction between B and Ti atoms. The growth rate of the recrystallized grain at 5% fraction recrystallized decreased with increasing the B content. Furthermore, the decrease became more pronounced in the B added steels with the higher Ti content. The interaction energy between B and Ti atoms at the grain boundary was evaluated by the firstprinciples calculation in the bcc-Fe(111)Σ3[1 10] symmetrical tilt grain boundary. The attractive interaction between B and Ti atoms was obtained in most of the grain boundary atom sites examined. B segregation at the interface between recrystallized and unrecrystallized grains was concluded to induce Ti segregation through the attractive interaction between B and Ti atoms during interface migration. The mechanism for the suppression in the growth of the recrystallized grains was proposed to be caused by the decrease in the interface mobility caused by the enhanced Ti segregation.
recovery, nucleation of the recrystallized grain, and the growth of the recrystallized grain on Ti-added ULC coldrolled steel sheets (Ti-IF steel sheets) and found that each process is suppressed by B addition. 6) Furthermore, as steel contains more Ti, the recrystallization temperature is higher as a result of B addition, which suggests that not only B but Ti may take part in suppressing the growth of recrystallized grains. 7) B addition increases the recrystallization temperature for Ti, Nb-added ULC cold-rolled steel sheets (Ti, Nb-IF steel sheets) as well and this trend is more obvious when the Nb content is higher. 8) Thus, to clarify the recrystallization suppression mechanism by B addition in ULC cold-rolled steel sheets, it is important to pay attention to the relationship between B and substitutional solute elements.
In the present paper, we focused on the effect of B on the process of the growth of the recrystallized grain, in particular, among recrystallization elementary processes, that is to say, the process in which recrystallized grains grow into the deformed matrix, and discussed the mechanism for suppressing the growth of the recrystallized grain by B addition from the aspect of interaction between B and Ti atoms.
Introduction
Ultra-low carbon (ULC) steel sheets bearing Ti and/or Nb to scavenge C and N, so-called "interstitial-atom-free (IF) steel sheets," have been widely applied to inner and outer panels of automobiles. IF steel sheets contain no C and N in solid solution, so a recrystallization texture favorable for deep drawing is formed in the annealing process after coldrolling and the Lankford value (r-value) can be increased. Meanwhile, on IF steel sheets, C and N do not segregate at grain boundaries, so intergranular fracture called secondarycold-work embrittlement (SCWE) often occurs at low temperatures. 1) To prevent SCWE, B that easily segregates at grain boundaries is often added. [2] [3] [4] However, it is known that the recrystallization temperature rises and the r-value decreases with B addition. 5, 6) Therefore, B addition and high temperature annealing are required in the manufacturing of IF steel sheets to secure deep drawability and prevent SCWE, but such processes decrease the productivity. To solve this problem, clarification of the recrystallization suppression mechanism by B addition is required. Regarding the effects of B on recrystallization behavior, we previously studied how B affects Table 1 lists the chemical compositions of the steels used. The amount of B was varied from 1 to 14 massppm for two levels of the amount of Ti (average Ti content: 0.025 mass% and 0.051 mass%). As shown in Fig. 1 , the slabs were reheated at 1 240°C for 1.8 ks and then hot-rolled to 5 mm thick hot bands above 920°C. After the hot-rolling, the hot bands were cooled to 700°C by water spray and kept at that temperature for 1.8 ks, then slowly cooled to room temperature at 20°C/h. Aging index measurement was carried out with JIS No. 5 specimens for hot bands. The aging index was determined by the tensile test with prestraining of 10% elongation and aging at 100°C for 3.6 ks. In addition, transmission electron microscope (TEM) observation with the extraction replica method was carried out to detect precipitates in hot bands.
Both sides of hot bands were machined by 0.5 mm and the steel sheets were cold-rolled to 0.8 mm thick with 80% reduction. Then, the cold-rolled steel sheets were isothermally annealed at 650°C for 20 s to 48 h. After buffing longitudinal cross sections parallel to the rolling direction and etching specimens using an etchant 10) developed for ULC steel, optical microscopic observation was carried out in the position of 0.2 mm depth from the surface for the annealed steel sheets. In addition, Rockwell hardness (HR30T) measurement was conducted.
Experimental Results

Aging Index of Hot Bands
The aging index of the hot bands were calculated from the difference between the yield stress after the heat treatment and the flow stress at 10% elongation in prestraining. In the tensile test after the heat treatment, continuous yielding was seen on all steels, so 0.2% offset was used as the yield stress after the heat treatment to calculate the aging index. The aging indexes of all hot bands were 2 MPa or smaller regardless of the B and Ti contents. The aging index correlates with the amounts of solute C and N in steel. 11, 12) Therefore, the hot bands used for this research are considered to contain almost no C and N in solid solution. According to the TEM observation, precipitates that were possibly TiN, TiS, Ti 4 C 2 S 2 , and TiC were seen in the hot bands. In this research, heat treatment in which the steel was kept at 700°C for 1.8 ks followed by slow cooling was carried out. This was equivalent to coiling treatment at 700°C, so C and N in the steel were completely scavenged. Therefore, when the amount of Ti in solid solution is calculated assuming the stoichiometry of the precipitates described above, Ti content expressed as Ti * in Table 1 may exist in solid solution in the hot bands. In addition, the fact that the amounts of C, N, and S in the steel are almost equal indicates that the amounts of precipitates are possibly at the same level for all steels as well. Figure 2 shows the microstructures of steels annealed at 650°C for 960 s. No B was added to steels A and E and 10 ppm B was added to steels C and G. The figures show that recrystallization was suppressed by B addition for all steels with different Ti contents. The fraction recrystallized of annealed steel sheets was determined by the point counting method. Figure 3 shows the changes in the fraction recrystallized with annealing time. The progress of recrystallization was delayed by B addition. The progress was further delayed for the steels with the higher Ti content.
Effect of B on Recrystallization Behavior
Next, the relationship between 5% recrystallization time (fraction recrystallized: 0.05) and the amount of B was examined. The annealing time to reach a specific fraction recrystallized was set as the recrystallization time. The recrystallization time was determined from the measurement results of the fractions recrystallized shown in Fig. 3 . As shown in Fig. 4 , the 5% recrystallization time lengthened with increasing the B content. Changes in the recrystalliza- tion time varied depending on the Ti content and when the Ti content was higher, the variation was larger.
Effect of B on the Growth of Recrystallized Grain
Focusing on the largest recrystallized grain in the microstructure of the annealed steel sheet, the changes in the maximum grain diameter with annealing time was examined. The maximum intersection of the recrystallized grain along the thickness direction was set as the maximum grain diameter. As shown in Fig. 5 , the increase in the maximum grain diameter was suppressed by B addition. Furthermore, when the Ti content was higher, the suppression in the growth of recrystallized grains was more obvious.
Next, the growth behavior of recrystallized grains was evaluated by the growth rate. The growth rate was defined as one half of the change in the maximum grain diameter for an annealing period during the early stage of recrystallization (fraction recrystallized: 0.05). As shown in Fig. 6 , the 
growth rates of recrystallized grains decreased with increasing the B content. The way of the decrease varied depending on the Ti content. As the Ti content increased, the growth rate of recrystallized grains decreased even further. In addition, when focusing on effect of the Ti content and comparing the growth rates of recrystallized grains on the steels with the same B contents, the growth rate on the steel with the higher Ti content was lower. Even on the steels without B addition (1 massppm B), the growth rate of recrystallized grains also decreased. However, as the B content increased, the growth rate decreased further. Thus, as the B content or the Ti content increased, the growth of recrystallized grains was further suppressed. The simultaneous addition of B and Ti had a synergistic effect on the suppression in the growth of recrystallized grains.
Discussions
Effect of B on the Growth of Recrystallized Grain
In this section, the effect of B on the growth of recrystallized grains is considered from the aspect of boundary migration of the grains. In general, the boundary migration velocity (V) is expressed as follows using boundary mobility (M) and driving force (ΔG).
In the growth of recrystallized grains, the stored energy by cold-rolling works as the driving force. Precipitates in steel reduce the driving force by the pinning effect. 13) However, in this experiment, the types of precipitates and their distribution in the hot bands hardly changed with the B content, so B addition may not affect the pinning effect much.
Meanwhile, after recrystallization starts, recovery and recrystallization proceed at the same time, so as the annealing time lengthens, the stored energy of unrecrystallized grains is released by the recovery, which reduces the growth rate of the recrystallized grains.
14) The 5% recrystallization time lengthened with increasing the B content in this experiment, so the decrease in the driving force by recovery may vary depending on the B content. Therefore, the softening ratio was determined based on the hardness changes during annealing to evaluate the effect of recovery on the driving force. The softening ratio (S) was calculated using the formula below.
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Where, HR 0 is the hardness of the cold-rolled steel sheet before annealing, HR is the hardness of the steel sheet annealed for each time, and HR f is the hardness of the annealed steel sheet at the completion of recrystallization. As shown in Fig. 7 , the softening ratio at 5% recrystallization did not change much with the B content. Although both recovery and recrystallization contribute to this softening ratio, the fraction recrystallized is the same (0.05), so it can be considered that the softening by recovery at the same fraction recrystallized does not change much with the B content. B addition increases the 5% recrystallization time, that is, recovery proceeds for a long time. However, B reduces the recovery rate by the interaction with dislocations. 6) Hence the softening by recovery at 5% fraction recrystallized would be same level regardless of the B content. As explained above, the decrease in the growth rate of recrystallized grains with increasing the B content was seen under the condition that the driving force for the growth of recrystallized grains was almost constant. Therefore, it should be considered that suppression in the growth of recrystallized grains was caused by the decrease in the boundary mobility. The interface mobility (M) of pure iron is given as follows using grain boundary diffusion coefficient of Fe ( D Fe gb ). Where, λ is the thickness of the grain boundary, R is the gas constant, and T is the absolute temperature. The interface mobility is decreased due to the interface segregation of solute elements termed solute-drag effect.
15)
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13) The decrease in the mobility could be considered to reach the limit in the case that the segregation site at the interface is saturated with solute elements and their lattice diffusion is the ratelimiting of the interface migration. The mobility (M ') in such case can be expressed as follows by replacing D Fe gb in formula (3) with the lattice diffusion coefficient of solute element ( D s l ). 17) that is, D B l is larger than D Fe gb . Therefore, when only B atoms segregate at the interface of recrystallized grains, the mobility would not be decreased. To rationally explain the suppression in the growth of recrystallized grains by B addition including its dependence on the amount of Ti, the effect of Ti on the mobility needs to be taken into account as will be discussed later.
Effect of Ti on the Growth of Recrystallized Grain
In this experiment, on steel without B addition, the growth rate of recrystallized grains decreased with increasing the Ti content. Since the distribution of precipitates and the softening ratio did not change much as explained above, Ti addition may not change the driving force for the growth of recrystallized grains much as is the case with B addition. Meanwhile, the lattice diffusion coefficient of
18) It is smaller by approximately four orders of magnitude than D Fe gb . Therefore, the reason for the suppression in the growth of recrystallized grains with increasing the Ti content is possibly because the amount of Ti segregating at the interface of recrystallized grains increases, which reduces the interface mobility. Although the diffusion of Ti is slow, as the interface of recrystallized grains migrates, the Ti atoms residing in the matrix would be built up at the interface (sweep effect), which possibly causes the interface segregation of Ti.
It can be assumed that in the steel containing B, B segregates at the interface of recrystallized grains and the recrystallization proceeds while the interfaces highly covered with B atoms are migrating. Given that attractive interaction occurs between B and Ti atoms in the interface, as the B content increases, the amount of Ti segregating at the interface possibly increases and the growth of recrystallized grains may be further suppressed. Takahashi et al. 19 ) studied how B and Ti segregate at the interface of recrystallized grains in Ti-IF steel sheets using a three-dimensional atom probe (3DAP) and have showed that B and Ti co-segregate at the interfaces. Regarding interaction between atoms, it is known that Ti atoms have attractive interaction with C and N atoms in γ-Fe. 20) However, the interaction between B and Ti atoms is unknown. Therefore, in this study, the interaction between B and Ti atoms in the grain boundary in α-Fe was studied by the first-principles calculation.
First-principles Calculation for the Interaction between B and Ti Atoms in α-Fe
21)
Calculation Procedures
For the first-principles calculation, the Vienna Ab-initio Simulation Package (VASP) 22, 23) was used that adopted the Projector-Augmented-Wave (PAW) method 24, 25) based on the density functional theory. For the exchange correlation energy in the generalized gradient approximation, the expression proposed by Perdew-Burke-Erunzwerhof (PBE) 26) was used. The 3p-, 3d-, and 4s-states for Fe and Ti and the 2s-and 2p-states for B were treated as valence states. The cutoff energy of the wave function was 320 eV. The Monkhorst-Pack 27) 1 × 4 × 4 reciprocal lattice point mesh and Methfessel-Paxton smearing 28) with 0.2 eV width were used to sum up the occupied states. For the convergence of electronic states, the threshold for both the total energy change and the band structure energy change between the continuous two steps was 1 × 10 − 4 eV in the iterative calculation for obtaining self-consistent solution of the electronic structure. The threshold of the force acting on each atom in structure optimization was 0.02 eV/Å.
Most of the grain boundaries of polycrystalline Fe are generally random grain boundaries. However, handling random grain boundaries is difficult in the first-principles calculation, so the α-Fe (111) Σ3 [1 10] symmetrical tilt grain boundary was selected as a calculation target in this study since its grain boundary energy (1.23 J/m 2 ) was close to that of random grain boundaries. Figure 8 b) illustrates the atomic structure without grain boundary. Figure 9 shows the voronoi volume of the Fe atoms in the atomic layers (atomic layers 1 to 7) perpendicular to the [111] direction shown in Fig. 8 a) . Voronoi volume refers to the volume of the smallest polyhedron (voronoi polyhedron) enclosed with perpendicular bisecting planes for the line segments between two lattice points of the targeted atom and the neighboring atom. That can be regarded as the volume that the target atom occupies in the crystal. The voronoi volume changes for atomic layers 1 to 4 due to fluctuations in the atomic arrangement. For atomic layers 5 to 7, the voronoi volume is almost constant and the values almost match the voronoi volume of the Fe atoms (11.40 Å 3 ) in a unit cell without grain boundaries as shown in Fig. 8 b) . In this paper, atomic layers − 4 to 4 where the voronoi volume varies are called the grain boundary layers and segregation at the grain boundary layers is called grain boundary segregation. Figure 10 illustrates the sites of B and Ti atoms examined in this calculation. The B atoms were located at the three sites of site 1 (Fig. 10 a) ), site 2' (Fig. 10 b) ), and site 3 ( Fig. 10 c) ) in atomic layers 1, 2, and 3, respectively. The Ti atoms were located at the sites near the B atoms in the grain boundary layers. The sites shown with the same symbol in the figure are equivalent. Regarding the solid solution state of B in α-Fe, some studies reported experimental results that it was interstitial 31) and others reported that it was substitutional. 32) As an example examination by the first-principles calculation, Bialon et al. 33) carried out the energy calculation of α-Fe (bulk) and reported that substitutional site was more stable for the B atom by 0.81 eV than the interstitial tetrahedral site and by 0.07 eV than the interstitial octahedral site. In this study, we assumed that B would dissolve substitutionally in the matrix and the grain boundary in accordance with the result by Bialon et al.
Grain Boundary Segregation Energy of Ti and B
Atoms The grain boundary segregation energy of a Ti atom ( ∆E Ti 0 ) when it is arranged alone in a unit cell was calculated using formula (5) below. The grain boundary segregation energy of a B atom ( ∆E B 0 ) when it is arranged alone in a unit cell was calculated using formula (6) below. Where, E gb is the total energy of the unit cell with the grain boundary consisting of the atoms in the square brackets. E l is the total energy of the unit cell without the grain boundary consisting of the atoms in the square brackets. In addition, the grain boundary segregation energy of a Ti atom ( ∆E Ti B ) when a Ti atom is arranged in the unit cell containing a B atom in the grain boundary layer was calculated using formula (7) . The grain boundary segregation energy of a B atom ( ∆E B Ti ) when a B atom is arranged in the unit cell con- taining a Ti atom in the grain boundary layer was calculated using formula (8) . Figure 11 a) shows the relationship between the grain boundary segregation energy of a Ti atom and the voronoi volume of a Ti atom. The indexes in the figure mean that Ti atoms were arranged at the sites shown in Fig. 10 . When only a Ti atom exists, the grain boundary segregation energies of the Ti atom ( ∆E Ti 0 ) are negative except for site 2'. Ti atoms show a tendency to segregate at grain boundaries. The minimum ∆E Ti 0 was − 0.480 eV for site 1. The atomic radius of a Ti atom is larger than that of a Fe atom. Therefore, Ti atoms tend to segregate at sites with larger voronoi volume such as sites 1 and 3. ∆E Ti 0 correlates well with the voronoi volume of a Ti atom (V Ti ) and ∆E Ti 0 further decreases as V Ti increases. When Ti and B atoms coexist in a grain boundary, the grain boundary segregation energy ( ∆E Ti B ) is lower as V Ti is larger as well. The grain boundary segregation energies of Ti atoms to V Ti are almost the same regardless of whether the B atom exists. Accordingly, when V Ti increases by placing a B atom near a Ti atom, the grain boundary segregation energy of the Ti atom is lowered, which accelerates the grain boundary segregation of Ti. When a B atom exists in site 1 and a Ti atom exists in site 2 or site 2', ∆E Ti B becomes specifically low. This is because of the positional relationship where the arrangement of a Ti atom largely reduces the voronoi volume of a B atom as will be explained later.
When only a B atom exists in a grain boundary, the grain boundary segregation energies of the B atom ( ∆E B 0 ) are 0.389 eV for site 1, − 1.848 eV for site 2', and − 1.489 eV for site 3. These values closely match the calculated results by Yamaguchi et al. 30) Although our calculated results are different from the experimental value − 1.04 eV (100 kJ/ mol) by Liu et al., 34) they match the experimental results in the respect that B shows a very strong tendency to segregate at grain boundaries. ∆E B 0 tends to lower as the voronoi volume of a B atom (V B ) is smaller as shown in Fig. 11 b) . This tendency is also seen when B and Ti atoms coexist. Focusing on the B atom in the same site, the figure shows that ∆E B Ti lowers as V B decreases according to the sites of Ti atoms.
Interaction Energy between B and Ti Atoms
Interaction energy between B and Ti atoms ( ∆E B Ti , int ) in grain boundaries is defined as an energy difference between when a B atom exists near a Ti atom in a grain boundary and when they exist separately. It can be calculated using the formula below. .... (9) Meanwhile, the difference between ∆E Ti B and ∆E Ti 0 ( ∆E Ti B − ∆E Ti 0 ) calculated using the formulas (7) and (5) is equal to ∆E B Ti , int . Therefore, the difference in the grain boundary segregation energy of Ti between when Ti and B atoms coexist in a grain boundary and when only a Ti atom exists in a grain boundary is equivalent to the interaction energy between the B and Ti atoms. Figure 12 shows the relationship between ∆E B Ti , int calculated using formula (9) and ΔV Ti and ΔV B . ΔV Ti refers to the variation of the voronoi volume of the Ti atoms when Ti and B atoms co-exist in a grain boundary and when only a Ti atom exists in a grain boundary. ΔV B refers to that of the B atoms when Ti and B atoms co-exist in a grain boundary and when only a B atom exists in a grain boundary. ∆E B Ti Fig. 12 c) . That is to say, when Ti and B atoms are close to each other in a grain boundary, as V Ti increases near a Ti atom in a grain boundary and when they exist separately in a matrix is defined as co-segregation energy ( ∆E B Ti co , ). It can be calculated using the formula below. 35) It is known that the Cr addition to low carbon cold-rolled steel sheets suppresses the development of {111} recrystallization texture. Some researchers consider that this is because the attractive interaction between C and Cr atoms forms a Cr-C dipole (atom pair) and the orientation selectivity of recrystallized nuclei is weakened through the suppression in recovery. 36) Although our study calculated the interaction in a grain boundary, the interaction energy of − 0.098 eV would affect the recrystallization behavior.
Mechanism for Suppression in the Growth of
Recrystallized Grain by B Addition Figure 13 illustrates the effect of B on the growth of the recrystallized grain based on the details described above. When only B is added to steel, B segregates at the interface between the recrystallized and unrecrystallized grains, but the boundary mobility does not decrease, so the growth of the recrystallized grain may not be suppressed. When only Ti is added, Ti segregates at the interface as the interface migrates and the interface mobility lowers due to the solutedrag effect of Ti, which may suppress the growth of the recrystallized grain. When both B and Ti are combinedly and V B decreases, the attractive interaction between the B and Ti atoms may become stronger. The energy difference between when a B atom exists added, as the interface covered with B atoms migrates, more Ti atoms segregate at the interface through the attractive interaction between the B and Ti atoms. Accordingly, the solute-drag effect of Ti is enhanced and the growth of the recrystallized grain is further suppressed. In this case, as the amounts of B and Ti added increase, more Ti atoms possibly segregate at the interface. This qualitatively explains the experimental result shown in Fig. 6 where the suppression in the growth of recrystallized grains by B addition becomes stronger with increasing the Ti content.
Conclusions
The effect of B on the recrystallization behavior of Tiadded ULC cold-rolled steel sheets was examined and the mechanism for the suppression in the growth of recrystallized grains by B addition was studied from the aspect of the interaction between B and Ti atoms. The following results were obtained.
(1) B addition delayed the progress of recrystallization. The delay became more pronounced for the steel with a larger amount of Ti added.
(2) B addition reduced the growth rate of recrystallized grains in the early stage of recrystallization (fraction recrystallized: 0.05). As the amount of Ti increased, the growth rate decreased. The simultaneously addition of B and Ti had a synergistic effect on the suppression in the growth of recrystallized grains.
(3) The attractive interaction between B and Ti atoms was shown by the first-principles calculation in the bcc-Fe (111) Σ3 [1 10] symmetrical tilt grain boundary. The attractive interaction became stronger as the voronoi volume of a Ti atom increases and that of a B atom decreases when B and Ti atoms are close to each other.
(4) It could be thought that B addition to Ti-added ULC cold-rolled steel sheets increases the amount of Ti segregating at the interfaces between the recrystallized and unrecrystallized grains due to the attractive interaction between the B and Ti atoms, which enhances the solutedrag effect of Ti and suppresses further the growth of the recrystallized grains.
